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(54) A travelling wave optical modulator 

(57) A travelling wave-type optical modulator has a 
supporting substrate (1 8) and a ferroelectric single crys- 
talline layer (1A) adhered on the supporting substrate 
with an adhesive layer (3A). The ferroelectric single 
crystalline layer has thicker parts (5,8) and thinner parts 
(6) forming at least one ridge within the modulating re- 



gion of the travelling wave-type optical modulator (20) 
as viewed in the cross section of the modulating region. 
Then, an optical waveguide (2) is formed in the thicker 
part of the ferroelectric single crystalline layer, and elec- 
trodes (1 1 ,21 ) for modulation are provided on the thinner 
part of the ferroelectric single crystalline layer. 
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Description 

Background of the Invention 
Field of the Invention: 

[0001 ] This invention relates to a travelling wave-type 
optical modulator, 

Related Art Statement: 

[0002] The inventors disclosed in Japanese Laid- 
open publication Kokai Hei 1 0-1 331 59(J PA 1 0-133159) 
that if the part under an optical waveguide of a substrate 
to construct a travelling wave-type optical modulator can 
be reduced up to e.g. 1 0 um or below, the optical mod- 
ulator can be operated at a frequency of 1 0 GHz or over 
without a buffer layer made of silicon oxide or the like. 
In this case, thicker parts and thinner parts are formed 
in the substrate, and as a result, the travelling wave-type 
optical modulator can be operated at a high speed and 
repressed in DC drift. Moreover, the product (Vn ■ L) of 
operating voltage Vrc by electrode length L in the optical 
modulator can be favorably decreased. 
[0003] Then, the inventors made an attempt to devel- 
op the performances of the above optical modulator, and 
found out the following problem. That is, in the case of 
connecting the above optical modulator to an external 
optical fiber, the optical insertion loss was increased. 
Moreover, it is desired that the product (Vrc-L) is more 
decreased with keeping the velocity matching for micro- 
wave signal and the impedance matching for an external 
circuit. 

Summary of the Invention 

[0004] It is an object of the present invention to, in a 
travelling wave-type optical modulator including such a 
substrate made of a ferroelectric single crystal as having 
its thicker parts and thinner parts, decrease the optical 
insertion loss with keeping the velocity matching for mi- 
crowave signal and the impedance matching for an ex- 
ternal circuit. 

[0005] It is another object of the present invention to, 
in a travelling wave-type optical modulator including 
such a substrate made of a ferroelectric single crystal 
as having its thicker parts and thinner parts, to much 
decrease the product (Vn • L) of operating voltage Vrc 
by electrode length L with keeping the velocity matching 
for microwave signal and the impedance matching for 
an external circuit. 

[0006] This invention relates to A travelling wave-type 
optical modulator including; 

a supporting substrate, 

a ferroelectric single crystalline layer, on the sup- 
porting substrate, having thicker parts and thinner 
parts within the modulating region of the travelling 



wave-type optical modulator as viewed in the cross 
section of the modulating region, 
an optical waveguide formed in the thicker part of 
the ferroelectric single crystalline layer, and 
5 electrodes for modulation, each provided on the 
thinner part of the ferroelectric single crystalline lay- 
er in between the adjacent thicker parts. 

[0007] This invention relates to a method for manu- 
re facturing a travelling wave-type optical modulator, in- 
cluding the steps of; 

preparing a substrate made of a ferroelectric single 
crystalline material, 
is forming an optical waveguide in the substrate : 

adhering the substrate to another supporting sub- 
strate, 

processing the substrate so as to have thicker parts 
and thinner parts, as viewed in the cross section of 
20 the modulating region, within the modulating region 
of the travelling wave-type optical modulator and 
position the optical waveguide in the thicker part, 
and 

providing electrodes for modulation, each posi- 
es tioned on the thinner part in between the adjacent 
thicker parts of the ferroelectric single crystalline 
layer. 

[0008] According to the above travelling wave-type 
30 optical modulator, the optical insertion loss can be de- 
creased with keeping the velocity matching for micro- 
wave signal and the impedance matching for an external 
circuit as described below. 

[0009] The optical waveguide can be formed in any 

35 area within the thicker part of the ferroelectric single 
crystalline layer. Preferably, the optical waveguide is 
formed in an upper area of the thicker part or a lower 
part thereof adjacent to the supporting substrate. If the 
waveguide is formed in the lower area, the product (Vn 

40 . L) can be decreased more effectively. 

[0010] In a preferred embodiment of the present in- 
vention, the supporting substrate includes a base sub- 
stance made of a hard material and an adhesive layer 
on the base substance. As the hard material, a ferroe- 

45 lectric single crystal as described below, a glass material 
and a resin material are exemplified. 
The adhesive layer may be made of a glass material 
having lower dielectric constant and an operation tem- 
perature of about 600°C or below. Concretely, solder 

50 glass made of plural glass materials such as silicon ox- 
ide, lead oxide, aluminum oxide, magnesium oxide, cal- 
cium oxide, and boron oxide is exemplified. 
[001 1 ] As the resin material, room temperature-cured 
resin, heat-cured resin or ultraviolet-cured resin are ex- 

55 emplified. And, the resin materials have lower dielectric 
constants, respectively. 

[0012] Moreover, this invention relates to a travelling 
wave-type optical modulator including; 
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a supporting substrate, 

ferroelectric single crystalline portions, on the sup- 
porting substrate, each separated within the modu- 
lating region of the travelling wave-type optical 
modulator as viewed in the cross section of the 5 
modulating region, 

an optical waveguide formed in the ferroelectric sin- 
gle crystalline portion, and 

electrodes for modulation, each provided in be- 
tween the adjacent ferroelectric single crystalline 10 
portions on the supporting substrate. 

[001 3J Furthermore, this invention also relates to a 
method for manufacturing a travelling wave-type optical 
modulator, including the steps of; 15 

preparing a substrate made of a ferroelectric single 
crystalline material, 

forming an optical waveguide in the substrate, 
adhering the substrate to another supporting sub- 20 
strate, 

processing the substrate to fabricate ferroelectric 
single crystalline portions, each separated, as 
viewed in the cross section of the modulating re- 
gion, within the modulating region of the travelling 25 
wave-type optical modulator and so as to position 
the optical waveguide in the ferroelectric single 
crystalline portion, and 

providing electrodes for modulation, each posi- 
tioned in between the adjacent ferroelectric single 30 
crystalline portions. 

[0014] According to the above travelling wave-type 
optical modulator, the product (Vrc * L) of operating volt- 
age Vtc by electrode length L can be much decreased 35 
with keeping the velocity matching for microwave signal 
and the impedance matching for an external circuit as 
described below. 

[001 5] Although the configuration of each ferroelectric 
single crystalline part is not restricted, it is required that 40 
the adjacent ferroelectric single crystalline portions are 
separated each other, and the electrodes are formed in 
the spaces in between the adjacent ferroelectric single 
crystalline portions. Moreover, it is desired that the fer- 
roelectric single crystalline portion is constructed of its 45 
bottom surface adjacent to the supporting substrate, its 
top surface opposite to the supporting substrate and its 
side surfaces positioned between the bottom surface 
and the top surface. In this case, each electrode is ar- 
ranged so as to be contacted with the opposing side sur- so 
faces of the adjacent ferroelectric single crystalline 
parts. Moreover, it is preferable that the top surface is 
parallel to the bottom surface. 

[0016] Particularly, in this case, it is desired that each 
electrode are contacted with the top surfaces of the ad- 55 
jacent ferroelectric single crystalline portions. 
[0017] The optical waveguide may be formed in any 
area within the ferroelectric single crystalline portion. 



For example, the optical waveguide may be formed in 
the upper area or the lower area of the ferroelectric sin- 
gle crystalline portion. If the optical waveguide is formed 
in the lower area, the product (Vic • L) of operating volt- 
age Vtc by electrode length L can be much decreased. 
[0018] In the above travelling wave-type optical mod- 
ulator, the supporting substrate preferably includes a 
base substance made of a hard material and an adhe- 
sive layer on the base substance. As the hard material, 
a ferroelectric single crystal, a glass material and a resin 
material are exemplified as mentioned above. The ad- 
hesive layer may be also made of the above-mentioned 
solder glass. Moreover, the supporting substrate may 
be made of a glass material or a resin material entirely 
[0019] The ferroelectric single crystalline portion is 
made of any material used in the travelling wave-type 
optical modulator, and concretely, lithium niobate, po- 
tassium lithium niobate, lithium tantalate and KTP are 
exemplified. Preferably, at least one of lithium niobate, 
lithium tantalate and lithium niobate-lithium tantalate 
solid solution single crystal is employed. 

Brief Description of the Drawings 

[0020] For a better understanding of this invention, 
reference is made to the attached drawings, wherein: 

Figs. 1(a)-(d) are cross sectional views schemati- 
cally showing the manufacturing steps for a first 
travelling wave-type optical modulator according to 
the present invention, 

Figs. 2(a)-(d) are cross sectional views schemati- 
cally showing the manufacturing steps subsequent 
to Figs. 1 (a)-(d) for the first travelling wave-type op- 
tical modulator, 

Fig. 3 is an enlarged cross sectional view showing 
a part of the first travelling wave-type optical mod- 
ulator, 

Fig. 4 is a graph showing the variations in the oper- 
ating voltage Vtc, the electrode length L, the char- 
acteristic impedance Z and the electrode thickness 
t(m) at speed matching, with several parameters 
varied, of the first travelling wave-type optical mod- 
ulator shown in Fig. 3, 

Fig. 5 is a graph showing the relation between the 
product (Vtc • L) of operating voltage Vtc by electrode 
length L and the electrode thickness t(m) in the op- 
tical waveguide being formed in the upper area (A) 
or the lower part (B) of the thicker part of the ferro- 
electric single crystalline part of the first travelling 
wave-type optical modulator shown in Fig. 3, 
Figs. 6(a)-(d) are cross sectional views schemati- 
cally showing the manufacturing steps for a second 
travelling wave-type optical modulator according to 
the present invention, 

Figs. 7(a)-(b) are cross sectional views schemati- 
cally showing the manufacturing steps subsequent 
to Figs. 6 (a)-(d) for the second travel ling wave-type 
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optical modulator, 

Fig. 8 is a perspective view showing the second 
travelling wave-type optical modulator manufac- 
tured as shown Figs. 6 and 7, 
Fig. 9 is an enlarged cross sectional view showing 
a part of the second travelling wave-type optical 
modulator, and 

Fig. 1 0 is an enlarged cross sectional view showing 
another second travelling wave-type optical modu- 
lator. 

Detailed Description of Preferred Embodiments 

[0021] This invention is described in detail hereinafter, 
with reference to the attached drawings. 
[0022] Figs. 1 (a)-(d) and Fig. 2(a)-(d) are cross sec- 
tional views schematically showing the manufacturing 
steps for a first travelling wave-type optical modulator 
according to the present invention. 
[0023] First of all, as shown in Fig. 1(a), optical 
waveguides 2 are formed in a substrate 1A made of a 
X-cut ferroelectric single crystal so that the long direc- 
tions of the optical waveguides 2 are parallel to the Y- 
direction of the substrate. Therefore, a given TE mode 
optical wave travels through each optical waveguide in 
a direction parallel to the Y-direction of the substrate 1 A. 
[0024] Then, an adhesive layer 3 is formed on the 
substrate 1 A. On the other hand, a supporting substrate 
1 B is prepared, and another adhesive layer 3 is formed 
on the supporting substrate 1B. Then, as shown in Fig. 
1(b), the adhesive layers 3 are contacted each other, 
and thermally treated under a given load being applied. 
As a result, the substrate 1A and the supporting sub- 
strate 1B are adhered. Numeral reference 3A desig- 
nates an adhesive layer made of the bonded adhesive 
layers 3. Then, the substrate 1 A is ground and polished 
to fabricate a thinner ferroelectric single crystalline layer 
4, as shown in Fig. 1(c). Subsequently, the ferroelectric 
single crystalline layer 4 is etched by photolithography 
using a given mask, and thus, a ferroelectric single crys- 
talline layer 16 having its thicker parts 5 and its thinner 
parts 6. Numeral references 5a, 5b and 5c denote the 
top surface, the side surface and the bottom surface of 
the thicker part 5, respectively. 

[0025] Next, after a plating underfilm not shown is 
formed, a thick resist layer 7 is formed so as to cover 
the surface of the ferroelectric single crystalline layer 1 6, 
as shown in Fig. 2(a). Then, electrodes 11A-11C are 
formed by plating, as shown in Fig. 2(b). Lastly, the thick 
resist layer 7 is removed, and a travelling wave-type op- 
tical modulator is fabricated, as shown in Fig. 2(c). Fig. 
2(c) shows the cross section of a modulating region 20 
of the travelling wave-type optical modulator. 
[0026] The optical waveguides 2 can be fabricated by 
a well known method such as a titanium diffusion meth- 
od, a proton exchange method. The electrodes 1 1 A-1 1 C 
can be made of a material having lower resistance and 
excellent impedance performance such as Au, Ag, or 



Cu. Moreover, the electrodes can be made by plating, 
deposition, sputtering. Moreover, a buffer layer made of 
silicon oxide, magnesium fluoride, silicon nitride or alu- 
mina may be provided. 

5 

(Example 1) 

[0027] The substrate 1 A and the supporting substrate 
1B were made of X-cut lithium niobate single crystal, 

10 and a travelling wave-type optical modulator was fabri- 
cated as in Figs. 1 and 2. A titanium pattern was formed 
on a substrate 1A by photolithography and electron 
beam deposition, and thermally diffused at 
1 000-1 050°C under moisture-containing oxide atmos- 

15 phere to form the titanium diffusion type optical 
waveguides 2. 

[0028] Then, solder glass layers were formed, as ad- 
hesive layers 3, in a thickness of about 5 u,m on the sub- 
strates 1 A and 1B by sputtering or electron beam dep- 

20 osition. Then, as shown in Fig. 1(b), the solder glass 
layers were contacted and thermally treated at 500°C 
under a given load being applied. Since the deformation 
temperature of the solder glass is 500°C or below, the 
solder glass layers were adhered by the above thermal 

25 treatment, as a result, the substrates 1 A and 1 B are ad- 
hered. 

[0029] Subsequently, the substrate 1A was ground 
and polished, and then, CMP-treated by using polishing 
powders to complete the ferroelectric single crystalline 

30 layer 4 made of lithium niobate single crystal. Then, an 
aluminum pattern was aligned and formed immediately 
on the optical waveguide by photolithograpy and elec- 
tron beam deposition. Then, the ferroelectric single 
crystalline layer 4 was etched via the aluminum pattern 

35 as a mask, to form the ferroelectric single crystalline lay- 
er 16 having the thicker parts 5 and thinner parts 6. 
Thereafter, the aluminum pattern was removed. 
[0030] Then, an underfilm for gold plating, made of a 
Cr layer as an adhesive layer and a Au layer having a 

40 thickness of 5000A on the Cr layer, was formed by sput- 
tering. Subsequently, a thick resist commercially avail- 
able was formed, as a guiding layer for gold plating, by 
photolithography, and then, a gold electrode was formed 
by electroplating. Thereafter, the resist layer was re- 

45 moved with an organic solvent and the underfilm was 
removed by wet-etching. 

[0031] Then, the thus obtained wafer was cut into 
chips. The ends of each chip is optically polishedto com- 
plete a travelling wave-type optical modulator. Thereaf- 

50 ter, optical fibers were attached to the traveling wave- 
type optical modulator with ultraviolet cured resin so that 
the optica! axes of the optical fibers can match the one 
of the optical waveguide. Thetransmissive performance 
(S21) and reflective performance (S11) were measured 

55 by a network analyzer, and the microwave reflective in- 
dex nm, the characteristic impedance Z and the elec- 
trode loss a were calculated. Then, the half wavelength 
voltage Vn: was measured as an electro-optic character- 
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istic. Moreover, the optical insertion loss was measured. 
[0032] As shown in Fig. 3, the width W of the central 
electrode 11 B was set to 8 ujti, and the width W of the 
thickness t(OP) of the thicker part 5 was set 6 um Then, 
the electrode gap G was set to 1 5, 20 and 25 um In this 
case, the thickness t(g) of the adhesive layer 3A, the 
thickness t(sub) of the thinner part 6 , the electrode thick- 
ness t(m), the microwave refractive index nm, the char- 
acteristic impedance Z, the electrode loss a and the 
product Vic • L of operating voltage Vti by electrode 
length L were investigated. The thus obtained results 
are listed in Fig. 4. 

[0033] As is apparent from Fig. 4, in the above travel- 
ling wave-type optical modulator, the microwave refrac- 
tive index can be matched to the optical wave refractive 
index. Particularly, on the condition of the electrode gap 
G=20 u.m, the glass thickness tg=1 0 u,m, the thinner part 
thickness t(sub)=3 u,m, and the electrode thickness t(m) 
=19 urn, the velocity matching condition was able to be 
satisfied, and the characteristic impedance Z of 45Q. the 
electrode loss a of 0.3dB/cm • (GHz) 1 ' 2 were able to be 
obtained . Moreover, the modulating band of the travel- 
ling wave-type optical modulator was 40GHz. The prod- 
uct (Vtc ■ L) was 8.2 V-cm (the operating voltage 
v*7t=2.05V, the electrode length L=4 cm). Moreover, the 
optical insertion loss was 4dB. 



up to 10 dB. 
(Example 3) 



(Example 2) 

[0034] The substrate 1 A and supporting substrate 1 B 
were adhered with resin layers, made of epoxy-based 
resin film (dielectric constants. 8), formed instead of the 
solder glass layers. At the time of adhesion, a load of 
50 kgf/cm 2 was applied, and the resin layers were ther- 
mally treated at 170°C. 

[0035] The thus obtained travelling wave-type optical 
modulator was evaluated as in Example 1 . On the con- 
dition of the electrode gap G=20 u.m, the resin thickness 
tg=25 urn, the thinner part thickness t(sub)=3 |xm, and 
the electrode thickness t(m)=1 9 u,m, the velocity match- 
ing condition was able to be satisfied, and the charac- 
teristic impedance Z of 450, the electrode loss a of 0.3 
dB/cm • (GHz) 1/2 were able to be obtained. Moreover, 
the modulating band of the travelling wave-type optical 
modulator was 40 GHz. The product (Vti - L) was 8.2 
V-cm (the operating voltage V7i=2.05V, the electrode 
length L=4cm). Moreover, the optical insertion loss was 
4dB. 

(Comparative Example 1 ) 

[0036] Except that the ferroelectric single crystalline 
layer was formed uniform without the thicker parts and 
the thinner parts, a travelling wave-type optical modula- 
tor was fabricated as in Example 1 . The thickness t(sub) 
of the ferroelectric single crystalline layer was set to 3 
ujti. As a result, although the modulating band of 40 GHz 
was attained, the optical insertion loss was increased 



5 [0037] On the condition of the width W of the central 
electrode 11B = 8 urn, the width W(OP) of the thicker 
part 5 = 10.u.m, the thickness t(OP) of the thicker part 5 
= 6 u.m, the electrode gap G =20 u,m, the glass thickness 
t(9)=10 ujti and the electrode thickness t(m)=19 fim, a 
10 travelling wave-type optical modulator was fabricated. 
Moreover, the thickness t(sub) of the thinner part was 
varied as in Fig. 5. In this case, the optical waveguide 
was formed in an adjacent area to the bottom surface 
5c or the top surface 5a of the thicker part 5. The thus 
15 calculated and obtained product (Vrc • L) were shown in 
Fig. 5 as a graph. 

[0038] The graph B denotes the product (Vtc • L) in the 
case of forming the optical waveguide in the area adja- 
cent to the bottom surface 5C, and the graph A denotes 
20 the product (Vti • L) in the case of forming the optical 
waveguide in the area adjacent to the top surface 5a. 
As is apparent from Fig. 5, if the optical waveguide is 
formed in the are an adjacent to the bottom surface 5c 
of the thicker part 5, the product (Vti • L) is more de- 
25 creased. 

[0039] Next, the second traveling wave-type optical 
modulator will be descried with reference to Figs. 6-10. 
[0040] First of all, as shown in Fig. 6(a), optical 
waveguides 2 are formed on a substrate 1 A made of a 
30 x-cut ferroelectric single crystal so that the long direc- 
tions of the optical waveguides 2 are parallel to the Y- 
direction of the substrate. Therefore, a given TE mode 
optical wave travels through each optical waveguide in 
a direction parallel to the Y-direction of the substrate 1 A. 
35 [0041] Then, a solder glass layer 3 as an adhesive 
layer is formed on the substrate 1 A. On the other hand, 
another supporting substrate 1 B is prepared, and a sol- 
der glass layer 3 as an adhesive layer is formed on the 
supporting substrate 1B. The solder glass layers 3 are 
40 adhered and thermally treated under a given load being 
applied, to adhere the substrate 1 A and the supporting 
substrate 1 B each other, as shown in Fig. 6(b). Numeral 
reference 3A designates an adhesive layer made of the 
bonded adhesive layers 3. 
45 [0042] Then, the top surface of the substrate 1 A in 
which the optical waveguide was formed is ground and 
polished, thereby to form a thinner ferroelectric single 
crystalline layer 4, as shown in Fig. 6(c). Subsequently, 
the ferroelectric single crystalline layer 4 and the solder 
50 glass layer 3 are partially removed to expose the surface 
of the substrate 1 B, thereby to form ferroelectric single 
crystalline portions 8 separately. In this case, a given 
space 9 is formed in between the adjacent ferroelectric 
single crystalline portions. Then, as shown in Fig. 7(a), 
55 an amorphous silicon film is formed so as to cover the 
surface of each ferroelectric single crystalline portion 8 
and the exposed surface of the substrate 1 B. 
[0043] Then, after a plating underfilm not shown is 
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formed, a thick resist layer is formed, and thereafter, 
electrodes 21A-21C are formed by plating. Next, the 
thick resist layer is removed with an organic solvent, and 
the plating underfilm is removed by wet-etching to com- 
plete a travelling wave-type optical modulator as shown 
in Fig. 7(b). Fig. 8 is a perspective view schematically 
showing the travelling wave-type optical modulator. In 
this embodiment, the travelling wave-type optical mod- 
ulator constructs a Mach-Zehnder type modulator. Fig. 
7(b) corresponds to the cross section of the modulating 
region 20 of the travelling wave-type optical modulator, 
perpendicular to the long direction of the optical 
waveguide 2. 

[0044] Fig. 9 is an enlarged cross sectional view 
showing a part of the travelling wave-type optical mod- 
ulator. As is apparent from Fig. 9, the electrodes 21 A, 
21 B and 21 C are arranged even for the optical 
waveguides 2(positioned at the same level from the sur- 
face of the substrate 1B), large effective voltages are 
applied to the optical waveguides 2 through the ferroe- 
lectric single crystalline portions 8. Therefore, the prod- 
uct Vrc • L can be remarkably decreased. 

(Example 4) 

[0045] In this example, according to the manufactur- 
ing steps shown in Figs. 6 and 7, a travelling wave-type 
optical modulator having the modulating region as 
shown in Fig. 9 was be fabricated. Concretely, a titanium 
pattern was formed on a substrate 1A made of a X-cut 
lithium niobate single crystal by photolithography and 
electron beam deposition, and thermally diffused at 
1 000-1 050°C under a moisture-containing oxide atmos- 
phere, thereby to fabricate a titanium diffusion type op- 
tical waveguides 2. 

[0046] Then, an amorphous silicon film was formed in 
a thickness of 500A on the substrate 1 A by sputtering, 
and preferably, a solder glass layer 3 was formed in a 
thickness of 1 0OOA successively in the same batch. On 
the other hand, another supporting substrate 1 B was 
prepared, a solder glass 3 was formed in a thickness of 
1000A on the supporting substrate 1B by sputtering. 
Then, the solder glass layers 3 are contacted and ther- 
mally treated at 500°C under a given load being applied 
to adhere the substrates 1A and 1B. In this case, the 
deformation temperature of the solder glass was 500°C 
and below. The supporting substrate 1 B was made of a 
glass substrate [Bk-7] having an almost the same ther- 
mal expansion coefficient as that of the X-cut lithium nio- 
bate. As above mentioned, since the supporting sub- 
strate 1 B was adhered to the substrate 1 B made of the 
ferroelectric single crystal of lithium niobate, the thus ob- 
tained assembly can have a large strength against the 
post-processing. 

[0047] Then, the substrate 1A was ground and pol- 
ished to form a ferroelectric single crystalline layer 4 
made of the lithium niobate. Then, the ferroelectric sin- 
gle crystalline layer 4 was CMP-treated by polishing 



powers made of colloidal silica so as to remove the sur- 
face damaged layer. Then, the ferroelectric single crys- 
talline layer 4 and the solder glass layer 3A made of the 
bonded solder glass layers 3 were partially etched by 
5 KrF excimer laser so as to expose the surface of the 
supporting substrate 1 B, thereby to fabricate ferroelec- 
tric single crystalline portions 8. Thereafter, an amor- 
phous silicon film was formed in a thickness of 1500A 
so as to coverthe ferroelectric single crystalline portions 
10 8 and the exposed surface of the supporting substrate 
1 B, and a Cr film as an adhesive layer was formed in a 
thickness of 500A successively in the same batch. 
Then, a Au film as a plating underfilm was formed in a 
thickness of 300A on the Crfilm. A thick resist layer corn- 
's mercially available was formed as a guiding layer for 
gold plating, and Au electrodes were fabricated by elec- 
tro-plating. Thereafter, the thick resist layer was re- 
moved by an organic solvent, and the Au layer and Cr 
layer were removed by wet-etching. 
20 [0048] The thus obtained wafer was cut into chips. 
The ends of each chip is optically polished to complete 
a travelling wave-type optical modulator. Thereafter, op- 
tical fibers were attached to the traveling wave-type op- 
tical modulator with ultraviolet cured resin so that the 
25 optical axes of the optical fibers can match the one of 
the optical waveguide. The transmissive performance 
(S21) and reflective performance (S11) were measured 
by a network analyzer, and the microwave reflective in- 
dex nm, the characteristic impedance Z and the elec- 
30 trode loss a were calculated. Then, the half wavelength 
voltage Vtc was measured as an electro-optic character- 
istic. Moreover, the optical insertion loss was measured. 
[0049] The microwave refractive index can be 
matched to the optical wave refractive index 
35 (nm=no=2.05) at the width W of the central electrode 
21 B=30-40 [im, the thickness t(sub) of each ferroelectric 
single crystalline portion 8=6-1 0 ujti, the electrode gap 
G=30-40 u.m, and the thickness t(m) of the electrode= 
15-45 um. 

40 [0050] Particularly, on the condition of the width W of 
the central electrode 21 B=40 ujti, the thickness t(sub) 
of each ferroelectric single crystalline portion 8=6 ujti, 
the electrode gap G=30 u.m, and the thickness t(m) of 
the electrode=19 ujti, the velocity matching condition 

45 can be satisfied, and the characteristic impedance Z of 
47a, the electrode loss a of 0.1 8dB/cm • (GHz) 1/2 were 
able to be obtained. Moreover, the modulating band of 
the travelling wave-type optical modulator was up to 
80GHz. The product (V71 • L) was 9 V-cm (the operating 

so voltage Vji=2.25V, the electrode length L=4cm). More- 
over, the optical insertion loss was 5dB. 
[0051 ] In a preferred embodiment of the second trav- 
elling wave type optical modulator, the ferroelectric sin- 
gle crystalline portion has a thicker part and a thinner 

55 part. An electrode is provided on the thinner part in be- 
tween the thicker parts of the adjacent ferroelectric sin- 
gle crystalline portions. In this case, the optical insertion 
loss can be more reduced. 
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[0052] Fig. 1 0 is a cross sectional view schematically 
showing the preferred embodiment of the second trav- 
elling wave-type optical modulator. Fundamentally, the 
travelling wave-type optical modulator has a similar 
structure to the one as shown in Fig. 9, except that the 5 
ferroelectric single crystalline portion 8A has the thicker 
part 1 8 and the thinner part 1 9. 

(Example 5) 

10 

[0053] A travelling wave-type optical modulator as 
shown in Fig. 10 was fabricated by almost the same 
manner as in Example 3. The substrate 1 A made of the 
lithium niobate was ground and polished so as to set the 
thickness to 1 0 ujti. Then, the substrate 1 A was partially is 
etched by KrF excimer laser as mentioned above : to fab- 
ricate the ferroelectric single crystalline portions 8A. The 
thicker parts and the thinner part were formed by adjust- 
ing the laser output and the scanning number. Then, an 
amorphous silicon layer and Au electrodes were fabri- 20 
cated. 

[0054] The thus obtained wafer was cut into chips. 
The ends of each chip is optically polished to complete 
a travelling wave-type optical modulator. Thereafter, op- 
tical fibers were attached to the traveling wave-type op- 25 
tical modulator with ultraviolet cured resin so that the 
optical axes of the optical fibers can match the one of 
the optical waveguide. The transmissive performance 
(S21 ) and reflective performance (S11 ) were measured 
by a network analyzer, and the microwave reflective in- 30 
dex nm, the characteristic impedance Z and the elec- 
trode loss a were calculated. Then, the half wavelength 
voltage \In was measured as an electro-optic character- 
istic. Moreover, the optical insertion loss was measured. 
[0055] The microwave refractive index was able to be 35 
matched to the optical wave refractive index 
(nm=no=2.15) at the width W of the central electrode 
21 B=30-40 |im, the thickness t(sub) of the thinner part 
1 9 of each ferroelectric single crystalline portion 8=6-1 0 
u.m, the electrode gap G=30-40 u.m, and the thickness 
t(m) of the electrode=15-45 u.m. 

[0056] Particularly, on the condition of the width W of 
the central electrode 21 B=40 u_m, the thickness t(sub) 
of the thinner part 19 of each ferroelectric single crys- 
talline portion 8A=6 ujti, the thickness t(OP) of the thick- 
er part 1 8 of each ferroelectric single crystalline portion 
8A=10 urn, the electrode gap G=30 |im, and the thick- 
ness t(m) of the electrode=1 9 ujti, the velocity matching 
condition was able to be satisfied, and the characteristic 
impedance Z of 45Q, the remarkably reduced electrode 
loss a of 0. 1 8dB/cm • (GHz) 1 ' 2 were able to be obtained. 
Moreover, the modulating band of the travelling wave- 
type optical modulator was up to 80GHz. The product 
(Vk • L) was 9.5 V • cm. Moreover, the optical insertion 
loss was 4dB. 

[0057] Although the present invention was described 
in detail with reference to the above examples, this in- 
vention is not limited to the above disclosure arid every 



kind of variation and modification may be made without 
departing from the scope of the present invention. 
[0058] According to the present invention, in a travel- 
ling wave-type optical modulator including such a sub- 
strate made of a ferroelectric single crystal as having its 
thicker parts and thinner parts, the optical insertion loss 
can be decreased with keeping the velocity matching for 
microwave signal and the impedance matching for an 
external circuit. Moreover the product (Vrc • L) of oper- 
ating voltage Vtc by electrode length L can be much de- 
creased with keeping the velocity matching for micro- 
wave signal and the impedance matching for an external 
circuit. 



Claims 

1. A travelling wave-type optical modulator compris- 
ing; 

a supporting substrate, 

a ferroelectric single crystalline layer, on the 
supporting substrate, having thicker parts and 
thinner parts within the modulating region of the 
travelling wave-type optical modulator as 
viewed in the cross section of the modulating 
region, 

an optical waveguide formed in the thicker part 
of the ferroelectric single crystalline layer, and 
electrodes for modulation, each provided on 
the thinner part of the ferroelectric single crys- 
talline layer in between the adjacent thicker 
parts. 

2. A travelling wave-type optical modulator as defined 
in claim 1 , wherein the optical waveguide is formed 
in the bottom area of the thicker part adjacent to the 
supporting substrate. 

3. A travelling wave-type optical modulator as defined 
in claim 1 or 2, wherein the supporting substrate in- 
cludes a base substance made of a hard material 
and an adhesive layer on the base substance to ad- 
here the ferroelectric single crystalline layer. 

4. A travelling wave-type optical modulator as defined 
in claim 3, wherein the adhesive layer is made of a 
glass material or a resin material. 

5. A travelling wave-type optical modulator as defined 
in claim 4, wherein the adhesive layer is made of 
solder glass. 

6. A method for manufacturing a travelling wave-type 
optical modulator, comprising the steps of; 

preparing a substrate made of a ferroelectric 
single crystalline material, 
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forming an optical waveguide in the substrate, 
adhering the substrate to another supporting 
substrate, 

processing the substrate so as to have thicker 
parts and thinner parts, as viewed in the cross 5 
section of the modulating region, within the 
modulating region of the travelling wave-type 
optical modulator and position the optical 
waveguide in the thicker part, and 
providing electrodes for modulation, each posi- 10 
tioned on the thinner part in between the adja- 
cent thicker parts of the ferroelectric single 
crystalline layer. 



7. A manufacturing method as defined in claim 6, 
wherein the optical waveguide is positioned in the 
bottom area of the thicker part adjacent to the sup- 
porting substrate. 

8. A manufacturing method as defined in claim 6 or 7, 
wherein the substrate is adhered to the supporting 
substrate by adhering the adhesive layers formed 
on the substrate and the supporting substrate. 

9. A manufacturing method as defined in claim 8, 
wherein each adhesive layer is made of a glass ma- 
terial or a resin material. 

10. A manufacturing method as defined in claim 9, 
wherein each adhesive layer is made of solder 
glass. 

11. A travelling wave-type optical modulator compris- 
ing; 

a supporting substrate, 

ferroelectric single crystalline portions, on the 
supporting substrate, each separated within 
the modulating region of the travelling wave- 
type optical modulator as viewed in the cross 
section of the modulating region, 
an optical waveguide formed in the ferroelectric 
single crystalline portion, and 
electrodes for modulation, each provided in be- 
tween the adjacent ferroelectric single crystal- 
line portions on the supporting substrate. 

12. A travelling wave-type optical modulator as defined 
in claim 1 1 , wherein the optical waveguide is formed 
in the bottom area of the ferroelectric single crystal- 
line portion adjacent to the supporting substrate. 

13. A travelling wave-type optical modulator as defined 
in claim 11 or 12, wherein each electrode is contact- 
ed with at least the side surfaces of the adjacent 
ferroelectric single crystalline portions. 

14. A travelling wave-type optical modulator as defined 



in claim 13, wherein each electrode is contacted 
with the top surfaces of the adjacent ferroelectric 
single crystalline portions. 

15. A travelling wave-type optical modulator as defined 
in any one of claims 11-14, wherein each ferroelec- 
tric single crystalline portion has a thicker part and 
a thinner part, and each electrode is provided on 
the thinner parts in between the thicker parts of the 
adjacent ferroelectric single crystalline portions. 

16. A travelling wave-type optical modulator as defined 
in any one of claims 11-15, wherein the supporting 
substrate includes a base substance made of a 

is hard material and an adhesive layer on the base 
substance to adhere the ferroelectric single crystal- 
line layer. 

17. A travelling wave-type optical modulator as defined 
20 in claim 16, wherein the adhesive layer is made of 

a glass material or a resin material. 

18. A travelling wave-type optical modulator as defined 
in claim 17, wherein the adhesive layer is made of 

25 solder glass. 

19. A travelling wave-type optical modulator as defined 
in any one of claims 11-15, wherein the supporting 
substrate is made of a glass material or a resin ma- 

30 terial entirely. 

20. A method for manufacturing a travelling wave-type 
optical modulator, comprising the steps of; 



35 preparing a substrate made of a ferroelectric 

single crystalline material, 
forming an optical waveguide in the substrate, 
adhering the substrate to another supporting 
substrate, 

40 processing the substrate to fabricate ferroelec- 

tric single crystalline portions, each separated, 
as viewed in the cross section of the modulating 
region, within the modulating region of the trav- 
elling wave-type optical modulator and so as to 

45 position the optical waveguide in the ferroelec- 

tric single crystalline portion, and 
providing electrodes for modulation, each posi- 
tioned in between the adjacent ferroelectric sin- 
gle crystalline portions. 

50 

21. A manufacturing method as defined in claim 20, 
wherein the optical waveguide is formed in the bot- 
tom area of the ferroelectric single crystalline por- 
tion adjacent to the supporting substrate. 

55 

22. A manufacturing method as defined in claim 20 or 
21 , wherein each electrode is formed so as to con- 
tact with at least the side surfaces of the adjacent 
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ferroelectric single crystalline portions. 

23. A manufacturing method as defined in claim 22, 
wherein each electrode is formed so as to be con- 
tacted with the top surfaces of the adjacent ferroe- 5 
lectric single crystalline portions. 

24. A manufacturing method as defined in any one of 
claims 20-23, wherein a thicker part and a thinner 
part are formed in each ferroelectric single crystal- 10 
line portion in processing the substrate, and each 
electrode is provided on the thinner parts in be- 
tween the thicker parts of the adjacent ferroelectric 
single crystalline portions. 

15 

25. A manufacturing method as defined in any one of 
claims 20-24, wherein the supporting substrate in- 
cludes a base substance made of a hard material 
and an adhesive layer on the base substance to ad- 
here the ferroelectric single crystalline layer 20 

26. A manufacturing method as defined in claim 25, 
wherein the substrate is adhered to the supporting 
substrate by adhering the adhesive layers formed 

on the substrate and the supporting substrate. 25 

27. A manufacturing method as defined in claim 26, 
wherein each adhesive layer is made of a glass ma- 
terial or a resin material. 

30 

28. A manufacturing method as defined in claim 27, 
wherein each adhesive layer is made of solder 
glass. 

29. A manufacturing method as defined in any one of 35 
claims 26-28, wherein after an amorphous silicon 
film is formed on the substrate, the adhesive layer 

is formed on the substrate via the amorphous silicon 
. film. 

40 

30. A manufacturing method as defined in claim 29, 
wherein the amorphous silicon film and the adhe- 
sive layer are formed in the same batch. 

31. A manufacturing method as defined in any one of 45 
claims 20-30, wherein the substrate is processed 

by excimer laser, thereby to fabricate the ferroelec- 
tric single crystalline portions. 

32. A manufacturing method as defined in claim 31, so 
wherein a Au plating film is formed so as to cover 

the processed surface of the substrate by the exci- 
mer laser, and is processed, thereby to the elec- 
trodes. 
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